Objective: To determine the effects of meals rich in thermally stressed safflower (TSAF) and olive (TSOL) oils on postprandial serum paraoxonase (PON1) arylesterase activity and low density lipoprotein (LDL) oxidation in patients with type 2 diabetes. Design: A randomised cross-over study. Setting: Diabetes clinic and general practice. Subjects: Fourteen patients (six men and eight women) with type 2 diabetes, aged 48 -67 y, glycated haemoglobin < 10% and fasting blood glucose < 11 mmol=l were recruited. Interventions: Patients received a milkshake rich in TSAF or TSOL and at least a week later they received the alternate milkshake. These fats contained high levels of lipid oxidation and degradation products. Blood samples were taken fasted and 4 h after consumption of the milkshake. Main outcome measures: Serum PON1 activity and lag time in LDL oxidation. Results: After the meal rich in TSOL, serum PON1 activity increased significantly in women (12 (2.22) mmol=ml=min, mean (95% confidence interval), P ¼ 0.03) and not in men (0 (74.4) mmol=ml=min) during the postprandial period. The increase in PON1 activity after the TSOL meal was significantly (P ¼ 0.03) greater in women compared with men. In women, the increase in serum PON1 activity after the TSOL meal was significantly different (13 (1.25) mmol=ml=min, P ¼ 0.04) compared with the corresponding change (71 mmol=ml=min) after the TSAF meal. The lag time in LDL oxidation and indices of oxidative stress and antioxidant capacity did not vary significantly during the meals. Conclusions: Meals rich in TSOL may increase postprandial serum PON1 activity in middle-aged and older diabetic women. This change is potentially anti-atherogenic and may favour the use of olive oil over polyunsaturated fats in the diet of patients with type 2 diabetes. Sponsorship: The study was supported by a grant from the National Heart Foundation of New Zealand. Descriptors: paraoxonase; diabetes; oxidative stress; heated olive and safflower oils; postprandial European Journal of Clinical Nutrition (2001) 55, 951-958 
Introduction
Human serum paraoxonase (PON1) is an esterase that is associated with high density lipoproteins (HDL) in the blood and hydrolyses organophosphates (eg paraoxon), aryl esters, oxidised phospholipids and cholesteryl ester hydroperoxides (Mackness et al, 1996; Watson et al, 1995; Aviram et al, 1998a) . The arylesterase activity of PON1 reflects the concentration of PON1 in the blood (BlatterGarin et al, 1997) . There is evidence that PON1 inhibits the oxidation of low density lipoprotein (LDL) by hydrolysing lipid peroxides in the lipoprotein (Aviram et al, 1998b) .
Oxidation of LDL is postulated as an important step in the development of atherosclerotic disease (Witztum & Steinberg, 1991) . Genetically altered mice lacking serum PON1 are more susceptible to diet-induced atherosclerosis compared with their wild-type litter mates (Shih et al, 1998) . Also, serum PON1 activity is low and risk of coronary heart disease (CHD) is high in patients with diabetes (Abbott et al, 1995) and familial hypercholesterolaemia (Mackness et al, 1991a) . Glycation impairs PON1 activity and contributes to low activity in subjects with diabetes (Hedrick et al, 2000) . Studies from our laboratory indicate that serum PON1 activity decreases in healthy individuals during the postprandial period after a meal rich in fat (90% lard and 10% sunflower oil) that has been used for commercial deep-frying (Sutherland et al, 1999) . This used fat contains high levels of lipid oxidation products (Sutherland et al, 1999) . Oxidised lipids decrease serum PON1 activity in vitro and in vivo when they are injected into mice (Navab et al, 1997) . Whether postprandial serum PON1 activity is altered by meals rich in heated polyunsaturated and monounsaturated vegetable oils is unclear.
It is widely accepted that patients with type 2 diabetes are advised to decrease their saturated fat intake and substitute unsaturated fats for saturated fats in the diet as a means of reducing plasma cholesterol and risk of CHD (Katan, 1994) . However, the type of unsaturated fat which should predominate in the diabetic diet is controversial. Monounsaturated fats are thought to be preferable (Katan, 1994) , partly because they are less readily oxidised than polyunsaturated fatty acids (PUFA). LDL enriched with monounsaturated fatty acids (MUFA) are more resistant to potentially atherogenic oxidative modification (Reaven et al, 1993) . Furthermore, cooking with vegetable oils rich in MUFA would be expected to result in lower levels of lipid oxidation products compared with oils rich in PUFA (Grootveld et al, 1998; Kritchevsky & Tepper, 1967) . Vegetable oils rich in PUFA are vulnerable to oxidation during heating in air and diets rich in oxidised PUFA increase levels of lipid oxidation products in human chylomicrons (Staprans et al, 1999) and accelerate the development of experimental atherosclerosis (Staprans et al, 1996) . Also, animal studies have indicated that secondary lipid oxidation products from PUFA-rich oils are absorbed from the gut and inhibit hepatic enzyme activities (Kanazawa & Ashida, 1991) . It has been postulated (Ursini et al, 1998) that increased circulating levels of lipid oxidation products may contribute to increased risk of CHD associated with prolonged postprandial lipaemia (Groot et al, 1991; Sharrett et al, 1995) . In patients with type 2 diabetes, postprandial lipaemia is abnormally enhanced (Cattin et al, 1996) , oxidative stress is increased (Baynes, 1991) and protection against oxidative damage may be impaired by low serum PON1 activity and low antioxidant levels (Armstrong et al, 1996) . The effect of meals rich in thermally stressed PUFA and MUFA on these factors during the postprandial period in diabetic patients is uncertain. The aim of the present study was therefore to compare postprandial changes in serum PON1 activity and LDL susceptibility to oxidation following meals rich in thermally stressed safflower oil (TSAF) and thermally stressed olive oil (TSOL) in patients with type 2 diabetes.
Subjects and methods

Subjects
Participants were 14 patients with type 2 diabetes (six men and eight women) aged 48 -67 y. They were recruited from patients attending the Diabetes Clinic, Dunedin Hospital and from those under the care of local general practitioners. None was taking antioxidant supplements, receiving insulin or hormone replacement therapy nor was a current smoker. Written and informed consent was obtained from each participant and the study was approved by the ethics committee of the Southern Regional Health Authority.
Study design
Participants reported to the study centre in the early morning after an overnight fast. They were randomised to receive a meal (milkshake) containing either TSAF or TSOL. The patients consumed the milkshake within 10 min and had nothing further to eat or drink, excepting water, for the next 4 h. Bloods were taken immediately before the meal and 4 h later. At least one week later participants repeated this protocol with the alternative milkshake.
Meals
Both the olive and safflower oils were heated for 8 h at 210 C, with cooking of potato chips every hour in the oil. Characteristics of the TSOL and TSAF are shown in Table  1 . The fats were stored at 4 C before use in preparation of the milkshake. The milkshake contained TSAF or TSOL (60 g), tinned apricots (50 g), natural yoghurt (10 g), 1 egg, skimmed milk (200 ml), and was flavoured with Weight Watcher mousse (two tablespoons), a commercial instant desert containing no fat and no sugar. Subjects consumed 30 g test fat=m 2 body surface area calculated from their height and weight. (Marshall, 1995) .
Laboratory measurements
Venous blood was collected into plain tubes and tubes containing disodium EDTA (1.5 mg=ml). Serum and plasma were obtained by low speed centrifugation of tubes at 4 C. Serum PON1 arylesterase activity was measured in triplicate using phenyl acetate as the substrate (Erdos et al, 1960; Watson et al, 1995) . An aliquot (60 ml) of serum diluted 1:40 with 20 mmol=l Tris buffer (pH 7.4) was added to 3 ml phenyl acetate solution (1 mmol=1 in Tris buffer, 20 mmol=L, pH 8) and the increase in absorbance at 270 nm was monitored at 1 min intervals during the initial 6 min. Blank measurements were recorded during this time also to account for the spontaneous hydrolysis of phenyl acetate. The increase in absorbance was essentially linear during the 6 min period and, using the molar extinction coefficient 1310 M 71 cm 71 , the arylesterase activity at 3 min was calculated after subtraction of the blank. The intra-assay coefficient of variation was 5%.
LDL was prepared by ultracentrifuging EDTA plasma on a single step discontinuous gradient at 60 000 rpm and 10 C for 2 h in a Beckman NVT-65 rotor (Gieseg & Esterbauer, 1994) . The LDL band was removed through the side of the centrifuge tube with a syringe needle and stored under argon gas in the dark at 4 C for a maximum of 2 days. An aliquot of LDL was desalted into phosphate buffered saline (PBS) pH 7.4 through an Econopac-PD10 gel-filtration column (Gieseg & Esterbauer, 1994) , stored briefly under argon and used for oxidation experiments within an hour. All PBS used in the study was treated with Chelex-100 to remove contaminating transition metal ions.
Oxidation of LDL (0.39 mmol cholesterol in 2 ml PBS) with copper ions (1.66 mmol=l) in PBS was performed in a quartz cuvette at room temperature in an air-conditioned environment maintained at constant temperature. The cuvette temperature was routinely within 0.5 C of 27 C. The oxidation was monitored by measuring the increase in absorbance at 234 nm due to conjugated diene formation (Puhl et al, 1994) .
Serum TBARS concentration was measured by a fluorimetric method (Wasowicz et al, 1993) . Solutions of 1, 1, 3, 3-tetraethoxypropane in isopropanol were used as standards for the assay. Fluorescence (excitation 350 nm, emission 460 nm) of an aqueous solution of serum proteins after delipidation with ethanol=diethyl ether (3=1, v=v) was measured (Tsuchida et al, 1985) as an index of circulating lipid oxidation products. Serum protein carbonyl concentration, another index of oxidative stress, was measured in duplicate as described previously (Reznick & Packer, 1994) . Values in mmol=g plasma protein were converted to mmol=l by multiplying by the plasma protein concentration. The concentration of serum protein sulphydryl groups was determined spectrophotometrically (Koster et al, 1986) , and a blank for each sample was included.
Plasma HDL cholesterol was measured in the supernatant after treatment of plasma with dextran sulphate= magnesium chloride (Warnick et al, 1982) . Cholesterol concentration of plasma and lipoprotein fractions were measured using a commercial enzymatic kit (Boehringer, Mannheim). Measurement of plasma triglycerides, was conducted using Roche Triglycerides PAP kit. Free cholesterol, triglycerides, cholesterol ester and phospholipids in HDL were measured using enzymatic kits (Boehringer, Mannheim). Serum apolipoprotein A-I, A-II and B were measured by immunoturbidimetry (Brustolin et al, 1991) . Protein was measured colorimetrically (Lowry et al, 1951) .
Peroxides and acids were measured in the TSOL and TSAF using standard methods (American Oil Chemists Association official method cd 3a-63, 1989; American Oil Chemists Association official method cd 8-53 for peroxide value, 1990 ). The carbonyl value of the fats were measured by a modification of a spectrophotometric quinoidal ion method (Yukawa et al, 1993) with the fat and the 2,4 dinitrophenylhydrazine dissolved in isopropanol=toluene (1:1 v=v). A molar absorption coefficient of 18000 M 71 cm 71 was used to calculate carbonyl values from absorbance at 425 nm. The fatty acid composition of the cooking fats was determined by gas -liquid chromotography of fatty acid methyl esters (Sheppard et al, 1978) .
Statistical analyses
Data are expressed as mean (s.d.) unless stated otherwise. Postprandial changes during the TSOL and TSAF meals were compared using Wilcoxon's rank sign test. Wilcoxon's rank sign test was also used to test for withingroup changes from baseline during the postprandial period and to compare postprandial plasma triglyceride levels between meals. The Mann -Whitney U-test was used to compare values between men and women. Pearson's product -moment correlation coefficent was used to test for a relationship between postprandial changes in serum PON1 activity and plasma triglycerides in women. Multivariate linear regression analysis including a categorical variable for gender was used to examine the relationship between these postprandial changes in all subjects. Two-tailed tests of significance were used and a P-value < 0.05 was considered to be statisctically significant.
Results
The mean (s.d.) age was 60 (7) y and the mean BMI was 31 (6) kg=m 2 in the participants. Age (men, 60 (8) range 53 -68 y; women, 60 (7) range 48 -67 y; P ¼ 0.95) and body ; P ¼ 0.30) were not significantly different between men and women. Six women were postmenopausal. Table 2 shows mean baseline and 4 h postprandial serum PON1 arylesterase activity in the total group of patients and in men and women. Serum PON1 activity increased significantly from baseline during the meal rich in TSOL in the total study group due to a significant increase in PON1 activity in women. Figure 1 shows that the increase in serum PON1 activity during the TSOL meal tended to be greater (P ¼ 0.07) compared with the corresponding change in patients during the TSAF meal. In women, serum PON1 activity increased significantly (P ¼ 0.03) at 4 h after the TSOL meal and this increase was significantly (P ¼ 0.04) greater compared with the corresponding change during the TSAF meal (Figure 1 ). The increase in serum PON1 activity in women during the TSOL meal was significantly (P ¼ 0.03) greater compared with the corresponding change in men. In men, serum PON1 activity did not change significantly during either meal (Figure 1) . Table 3 shows plasma lipids, HDL lipids and serum apoA-I and apoA-II concentrations in diabetic men and women. In women, postprandial plasma triglyceride concentration tended to be higher (P ¼ 0.07) after the TSOL meal compared with the TSAF meal. In men, levels of 59 (14) 60 (17) 61 (14) 61 ( Effect of thermally stressed olive and safflower oils AJ Wallace et al postprandial triglyceride were similar to levels in women after the TSAF meal. Plasma HDL phospholipid concentration increased significantly in women in the postprandial period after both meals. The postprandial increase in serum PON1 activity was correlated significantly with the increase in plasma triglycerides (Figure 2 ) in women after the TSOL meal. Also, change in serum PON1 activity was correlated significantly (P ¼ 0.005) with the increase in plasma triglycerides in all subjects during the TSOL meal in multiple linear regression analysis which included a categorical variable for gender. Correlation between the change in serum PON1 activity and baseline serum PON1 activity in women (r ¼ 0.696) and in all subjects (r ¼ 0.495) during the TSOL meal gave positive correlation coefficients. Plasma glucose concentration decreased significantly (P < 0.01) in the participants in the postprandial period after both meals (TSAF baseline, 8.88 were not significantly different compared with levels before the TSOL meal and none of these variables changed significantly during the meals in the patients. The lag time in conjugated diene formation during copper ion oxidation of LDL did not change significantly during the postprandial period following the meals (TSAF baseline, 123 (25) min, n ¼ 13; TSAF postprandial, 125 (28) min, n ¼ 13, P ¼ 0.29; TSOL baseline, 132 (30) min, n ¼ 14; TSOL postprandial, 131 (33) min, n ¼ 14, P ¼ 0.33) and the postprandial response was not significantly different between the meals. The composition of LDL at baseline before the TSAF meal protein, 24.3 (1.2)%; cholesteryl esters, 43.3 (1.7)%; free cholesterol, 7.3 (0.5)%; triglycerides, 6.5 (1.7)%; phospholipids, 18.6 (0.8)% was not significantly different compared with the baseline composition prior to the TSOL meal and did not change significantly during the meals.
Discussion
In the present study, postprandial serum PON1 arylesterase activity increased after a meal rich in TSOL in patients with diabetes and mainly in women. An increase in serum PON1 activity is potentially anti-atherogenic.
There is recent evidence that consumption of oleic acidrich fat increases serum PON1 activity. In male rats fed a diet rich in triolein serum PON1 activity was higher compared with levels in rats fed diets rich in triplamitin or fish oil (Kudchodkar et al, 2000) . This higher serum PON1 activity was strongly associated with higher levels of phospholipids in very high density lipoproteins that are rich in PON1. Thus, increased intake of oleic acid rich fat may increase serum PON1 activity by increasing the secretion of very high density lipoproteins (Kudchodkar et al, 2000) . In the present study, HDL phospholipid levels increased in women but not in men during the TSOL meal and this increase may include a contribution from hepatic secretion of phospholipid-rich nascent HDL particles containing PON1. PON1 binds to HDL phospholipids via its Nterminal leader sequence . However, HDL phospholipid levels also increased while serum PON1 activity remained unchanged in women during the TSAF meal. While this finding indicates that an increase in HDL phospholipids is not inevitably accompanied by an increase in serum PON1 activity it does not rule out increased secretion of nascent HDL containing PON1 in women during the TSOL meal. In addition to hepatic and intestinal synthesis of nascent HDL, substantial quantities of phospholipids in the HDL fraction are derived from lipolysis of triglyceride-rich lipoproteins. Thus, it is possible that the increase in HDL phospholipids in women during the TSAF meal may have been largely derived from the lipolysis of triglyceride-rich lipoproteins and may have included relatively little phospholipid from lipoproteins containing PON1.
An increase in serum PON1 activity may also be due to slower clearance of PON1-containing HDL particles from the circulation. It is conceivable that high levels of triglyceride-rich remnant lipoproteins may compete with PON1-containing HDL particles for metabolism by hepatic lipase and thereby increase levels of PON1. In the present study, the increase in serum PON1 activity was linked to the Figure 2 Relationship between postprandial changes in serum paraoxonase (PON1) arylesterase activity and plasma triglyceride (TG) concentration after a meal rich in thermally stressed olive oil in women with diabetes (n ¼ 8).
Effect of thermally stressed olive and safflower oils AJ Wallace et al exaggerated increase in postprandial lipaemia in women after the TSOL meal. The mean postprandial increase in plasma triglycerides was nearly two-fold greater in women after the TSOL meal (1.52 mmol=l) compared with the corresponding values in women after the TSAF meal (0.79 mmol=l) and in men after both meals (TSAF, 0.56 mmol=l; TSOL, 0.73 mmol=l). Furthermore, the increase in serum PON1 activity was correlated with the increase in plasma triglycerides in women after the TSOL meal. Clearance of triglyceride-rich remnant lipoproteins may be slower in women during the TSOL meal and this may be exacerbated by oestrogen deficiency leading to the markedly higher levels of postprandial lipaemia compared with the TSAF meal.
De have reported slower clearance of olive oil chylomicron remnant particles compared with soy bean oil remnants after oral loads of these fats in healthy subjects. Also, higher levels of plasma triglycerides and 'remnant-like particles' isolated by immunoaffinity chromatography have been detected in healthy subjects at 4 h after an oral load of olive oil compared with safflower oil and milk fats (Higashi et al, 1997) . Menopause is associated with aggravated postprandial lipaemia in women (van Beck et al, 1999) and may magnify the slower clearance of postprandial triglyceride-rich lipoproteins after an olive oil meal. In the present study, most of the women had experienced the menopause and this may have contributed to their high levels of postprandial lipaemia after the TSOL meal. This high level of postprandial lipaemia undoubtedly includes high levels of triglyceride-rich remnant lipoproteins which may compete with PON1-containing HDL particles for metabolism by hepatic lipase. Hepatic lipase facilitates the clearance of chylomicron remnant particles (Crawford & Borensztajn, 1999) and HDL (Dugi et al, 2000) by the liver. Thus, competition between these lipoproteins at the hepatic lipase locus is feasible . The liver also clears remnants by an apolipoprotein E-dependent mechanism. The hepatic lipase-dependent pathway appears to be more important for clearance of olive oil chylomicron remnants while the apolipoprotein Edependent pathway may predominate in the removal of PUFA-rich remnant particles from the circulation . Consequently, there may be greater opportunity for olive oil chylomicron remnants to compete with HDL for metabolism by hepatic lipase especially at high levels of postprandial lipaemia. This competition could conceivably increase levels of HDL particles which contain PON1, thereby leading to the higher postprandial serum PON1 activity in postmenopausal diabetic women after a TSOL meal.
The postprandial increase in serum PON1 activity did not appear to be due to lower baseline levels of serum PON1 activity in women before the TSOL meal. Positive correlation coefficients for the relationship between baseline levels and change in serum PON1 activity indicate that a low baseline activity was not associated with a larger postprandial increase in PON1 activity. The positive direction of these correlations suggests that regression to the mean did not contribute appreciably to the increase in serum PON1 activity in women after the TSOL meal. Variation in butyrylesterase activity almost certainly did not account for this postprandial increase in serum PON1 activity. Butyrylesterase activity only accounts for a small fraction of serum arylesterase activity and is unaltered during postprandial lipaemia in diabetic subjects (Abbott et al, 1993) .
Flavonoid antioxidants protect PON1 against inactivation by oxidised LDL lipids in vitro and increased flavonoid intake in pomegranate juice increases serum PON1 arylesterase activity in healthy men (Aviram et al, 2000) . Although olive oil contains antioxidant flavonoids (Visioli et al, 1995) , it is doubtful that a meal rich in TSOL increased serum PON1 activity by increasing lipoprotein antioxidant protection and decreasing oxidative inactivation of PON1 in the present study. Heating at frying temperature in air for 8 h increases lipid oxidation products and destroys antioxidants in olive oil. Also, we have recently shown that meals rich in unheated olive oil (baseline, 86 AE 13 mmol=ml=min; postprandial, 87 AE 12 mmol=ml=min, n ¼ 12) and TSOL (baseline, 83 AE 21 mmol=ml=min; postprandial, 83 AE 21 mmol=ml= min, n ¼ 16) did not alter 4 h postprandial serum PON1 arylesterase activity in healthy men (Sutherland, unpublished data) . Similar values were recorded during meals rich in unheated safflower oil and TSAF. These findings are in keeping with the unchanged postprandial PON1 activity in diabetic men after meals rich in TSOL and TSAF in the present study. Levels of serum PON1 activity were higher in these healthy subjects compared with the diabetic patients, which is consistent with previous studies (Abbott et al, 1995; Ikeda et al, 1998) .
Lipid oxidation products in the meals did not appear to influence serum PON1 activity and LDL susceptibility to oxidation. These variables did not change appreciably during the postprandial period after the TSAF meal that contained high levels of lipid oxidation products. Also, we did not detect any increase in circulating lipid oxidation products in subjects during the meals. Thus, the level of lipid oxidation products absorbed from the gut into the circulation may have been insufficient to enrich endogenous lipoproteins and inactivate PON1. Unchanged LDL susceptibility to oxidation suggests that lipid peroxide levels in LDL did not increase greatly after the meals. Increased lipid peroxide content enhances the susceptibility of LDL to copper ion oxidation ex vivo (Frei & Gaziano, 1993) . In contrast to current findings, Naruszwericz et al (1987) have reported an increase in plasma TBARS levels in subjects at 4 h after ingestion of thermally oxidised PUFA-rich vegetable oil. Factors responsible for these divergent findings are unclear.
Plasma levels of lipid oxidation products did not vary appreciably despite an increase in serum PON1 activity in women during the TSOL meal. There are conflicting reports on the effect of change in serum PON1 activity on circulating levels of lipid oxidation products. Aviram Effect of thermally stressed olive and safflower oils AJ Wallace et al et al (1998b) have reported an increase in serum TBARS which paralleled a decrease in serum PON1 activity with age in apolipoprotein E-deficient mice. On the other hand, LDL lipid peroxide levels are not increased in mice lacking serum PON1 (Shih et al, 1998) . Both HDL and LDL from these mice are more susceptible to oxidation and the HDL is unable to prevent LDL oxidation by cultured cells. The effect of altered levels of PON1 on lipoprotein lipid peroxide levels may be more apparent when lipoproteins are subjected to oxidative stress. Studies have shown that PON1 prevents accumulation of lipid peroxides in LDL and HDL incubated under oxidising conditions (Mackness et al 1991b; Aviram et al, 1998b) . In addition, the duration of the increase in serum PON1 in the present study may have been too short to clearly decrease lipoprotein lipid peroxide levels. Incubation of minimally oxidised LDL with HDL for 14 h destroys its potentially atherogenic biological activity which depends on oxidised phospholipids, whereas the activity remains after a shorter incubation of less than 6 h (Watson et al, 1995) . This study has limitations. The number of participants was small. Thus, care must be exercised in extrapolating the findings to other populations of diabetic patients. Also, the small number of subjects studied may underly the uncharacteristic sex difference in fasted serum PON1 arylesterase activity in our data. Measurements were made at only one time point during the postprandial period. Consequently, the time-course of serum PON1 response to the meals is uncertain.
In conclusion, the present data suggest that a meal rich in TSOL may increase serum PON1 activity in parallel with a marked increase in postprandial lipaemia in middle-aged and older diabetic women. Whether regular consumption of meals rich in olive oil increases serum PON1 activity in humans as it does in rats (Kudchodkar et al, 2000) remains to be determined. An increase in serum PON1 activity might reduce the risk of atherogenic modification of LDL in the artery wall. These findings tend to favour the use of olive oil instead of PUFA-rich vegetable oils for cooking by patients with type 2 diabetes. The results of this study require confirmation in a large group of diabetic patients including a substantial number of postmenopausal women.
